The paper focuses on the analysis of vertical movements on old mining terrains in the final stages of mining and in the period after the end of mining. The study has been done for the Walbrzych Coal Basin area in SW Poland, which has been a hard coal mining centre until the mid-90'ties of the 20 th Century. The study has been performed in geographic information systems (GIS) using national precise levelling data from three measurement campaigns in 1972, 1993 and 2014 spanning period of 42 years and using six interpolation functions, i.e.: inverse distance weighted, kriging, local polynomial, natural neighbour, radial basis function and spline. Accuracy of interpolation results has been analysed and maps representing vertical movements on mining terrains in the final two decades of mining and the two decades after the end of mining prepared with the interpolation function with the least error of estimation. The maps have been graphically correlated with plans of the abandoned coal mines and present day development of the surface. Differentiated vertical movements on old mining terrains ranging from -0.048 m to + 0,189 m have been observed in the period after the end of mining indicating present-day secondary movements on these grounds. The areas of elevation in the second period are associated with the areas of greatest subsidence observed in the first period .
of the results of such observations requires for proper interpretation also the knowledge on the changes that had occurred in the past, i.e. during the mining period. This information can be fragmentary and limited to selected parts of old mining terrains where mine surveying services had conducted periodic measurements of the surface. However, available sources of height information on old mining terrains in the past for general interpretations may be acquired from old topographic maps (Blachowski and Milczarek, 2014) or results of periodic levelling measurements in precise levelling lines ). These sources can provide height data dating back for more than a century and be processed in geographic information systems (GIS) to provide information on the elevation and changes of the terrain at these times. The drawback being the lack of information between the analysed years.
The main aim of the studies presented in this paper has been to analyse the applicability of using results of repeated national precise levelling measurements and interpolation methods in GIS to determine deformations (vertical movements) on mining terrains in the final stages of underground coal mining and after the end of this activity. Further aims focused on interpreting the character of determined vertical movements on old mining terrains in a period
INTRODUCTION
Following the gradual depletion of mineral, nonrenewable, energy resources in traditional mining areas such as for example hard coal, is the growing number of old mining terrains, now revitalised or requiring and undergoing revitalisation, e.g. in the USA, UK, Korea, Japan, Germany, Poland, Czech Republic and many other countries. These old mining terrains usually are located in urban agglomerations associated in the past with coal extraction and now often in need of renewal due to the change of their economic structure. These changes include, among other things, investments in modernisation of the existing and construction of new infrastructure on the surface. In the results, these are the regions that in particular require monitoring of the present state of old mining terrains in order to assess the existence and character of secondary deformations and their potential effect on the present and planned land development. Observations of present-day movements on old mining terrains can be carried out with a wide array of techniques including for example terrestrial geodetic observations, satellite observations with GNSS, and remote sensing such as satellite based SAR (synthetic aperture radar) sensors or manned and unmanned aerial vehicles that may provide voluminous and frequent sets of data covering the entire area of study at different resolutions. Analysis (2000) who focussed on the determination of the effects of underground coal mining on ground deformation using empirical modelling based on the Knothe theory (Knothe, 1984) . Using this empirical method the theoretical values of subsidence were calculated for the entire period of mining and for the period after World War II. In the first case, the predicted subsidence amounted to -22 m, and in the second to -9 m. Recently studies of ground deformations in the mining and post mining times in the Walbrzych Coal Basin have been undertaken in the Geodesy and Geoinformatics Department of the Wroclaw University of Technology Blachowski and Milczarek, 2014) .
MATERIALS AND METHODS
As stated earlier, the aim of this study has been to determine the extent and magnitude of deformations on mining terrains in the Walbrzych area in the past, i.e. the last two decades of mining and the two decades after the end of mining. The proposed method utilises GIS based interpolation and map algebra functions and the results of periodic national levelling network measurements repeated approx. every 21 years (1972, 1993 and 2014) . The benchmark heights, measured in three consecutive epochs, have been used to calculate vertical movements for a particular benchmark location. Additional aim of the study has been to assess the accuracy and applicability of such data and method for studies of mining terrain deformations in the past.
STUDY AREA
The Walbrzych Coal Basin (WCB), formed part of the former Lower Silesian Coal Basin located in SW Poland and had been the place of hard coal mining for several hundreds of years. This activity ended in the mid-90'ties of 20 th Century. After the World War II, the underground operations concentrated in three coal mines named: Victoria, Thorez/Julia and Walbrzych whose mining terrains covered 93.68 km 2 (Fig. 1) . The geological and mining conditions in the WCB are very specific and difficult in terms of mining. The coal seams associated with three of the four lithostratigraphic Pennsylvanian complexes: the Žacléř, the Biały Kamień and the Walbrzych formations, are differentiated in terms of thickness, usually 1 to 2 m, inclination, reaching 30 to 60 degrees and unevenly distributed. Coal formations, located in two synclines (Gorce and Sobięcin) separated by the Chełmiec rhyolite laccolith, are often disturbed by tectonic discontinuities and porphyry intrusions. Altogether, eighty coal seams have been identified there, including 48 in the Žacléř formations and 30 in the Walbrzych formations (Kominowski, 2000) . The mineral was extracted with the following mining systems: long-wall and caving (predominately) and long-wall with various forms of fill (pneumatic, dry, dry with material from dead drifts) (Piątek and Piątek, 2002) . of over 40 years . The study has been done on the case of the former Walbrzych Coal Basin area in the city of Walbrzych in SW Poland.
CONCISE REVIEW OF RECENT STUDIES OF DEFORMATIONS ON ABANDONED MINING TERRAINS
The spatial character of mining induced deformations and the amount of quantitative data that need to be processed in mining deformation studies cause that frequently geographical information systems (GIS) and GIS based spatial analysis methods are employed to analyse and assess the character of movements on active and former mining terrains. Recent and noteworthy examples of studies of deformations on old mining terrains augmented with geoinformation systems include old mining sites in South Korea where Lee (2010, 2011) tried to assess ground subsidence spatial hazard near abandoned underground coal mine with the weightsof-evidence model. have also employed frequency ratio model and sensitivity analysis in GIS to determine causes of ground subsidence for an old mining site. Samsonov et al. (2013) have proposed a method based on processing remote sensing data from synthetic aperture radar (SAR) for studies of ground deformation associated with post-mining activity on the example of a mining site at the French-German border. The proposed method using a time series of SAR images allows precise detection of man-made and natural ground deformation areas providing that enough SAR data is available. Mathey (2013) has applied GIS to study and assess the character of changes occurring on the ground surface and to identify areas of possible hazards due to old underground mining of coal in South Africa. Lee and Park (2013) have analysed ground subsidence hazard using factors that can affect ground subsidence and a decision tree approach in GIS. The effects of post-mining secondary deformation on mining terrains have also been discussed in Preusse et al. (2008) , Yu et al. (2006) focused on geohazards associated with rising groundwater due to cessation of pumping from deep mine systems on the example of Durham Coalfield in NE England. In the Netherlands radar interferometry (PS-InSAR) has been used to study recent ground movements on former mining grounds after reported damages in the Zuid-Limburg region almost 40 years after closing of the last mine de Vent and Roest (2013) .
In the Walbrzych Coal Basin observations of ground surface subsidence had been carried out at various times and in various parts of the mining terrains during the mining period. The observations were based on periodic measurements of local levelling lines in selected parts of Walbrzych. In the mid-90'ties observations of ground deformations in local sites by mine surveyors have been discontinued. The most comprehensive study was done by Kowalski
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229 Fig. 1 Location of the Walbrzych Coal Basin and the study area.
groundwater to former levels after the cessation of mine water pumping require constant and continuous monitoring of the present day state of mining terrain movements and conditions in Walbrzych.
DATA
The available data comprises of the results of 2 nd and 3 rd class national levelling measurements realized in 1972, 1993 and 2014 in and around the city of Walbrzych. That means 42 year time span with 3 measurement epochs spaced 21 years apart. The measured levelling network benchmarks are unevenly located over the area of former mining terrains, more densely and more evenly in its N and E parts than in the remaining parts. The location of benchmarks is partly forced by local terrain configuration characterized by numerous wooded hills separated by valleys with built-up areas and transport infrastructure. This causes that available dataset is characterized with occurrence of subsets of data forming chains of points separated by unmeasured areas. The borders of the area selected for the purpose of this study have been shown in The topography of the WCB area is differentiated with wooded hills, the largest being Mt Chelmiec (851 m a.s.l.), separated by elongated valleys. The valleys are associated with the synclines mentioned earlier. Height differences reach up to 420 m. The long-lasting coal mining caused large and numerous transformations of the original topography. The most significant are: ground subsidence, development of waste dumps and settling ponds, and development of mining and associated infrastructure. The anthropogenic land forms (waste dumps) are often larger (with heights up to 100 m) in size than the neighbouring natural forms of the terrain. Examples of man-made waste dumps have been shown in Figure 2 . Subsidence basins due to underground mining developed mainly in larger natural depressions (valleys) and are sometimes difficult to detect apart from damages to buildings. Kowalski (2000) holds that the total subsidence during the entire time of mining might have reached 23 m. Wójcik (2008) estimates that 41.8 percent of former mining terrain area has undergone transformation due to the effects of mining activity and notes, natural (Mt. Chelmiec) and anthropogenic (waste dumps, subsidence basins) inversions of topography.
Known examples of secondary deformations on former mining grounds described e.g. in: (Preusse et al., 2008; Oh and Lee, 2010; Samsonov, 2013; de Vent and Roest 2013) , as well as the threat of local flooding of subsided areas due to the rise of 
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where: z i -vertical movement measured at a point i, z' i -vertical movement estimated at point i, n -number of points. In the first step, the vertical movements of individual benchmarks have been calculated subtracting the results of the 1993 levelling measurement from the 1972 one and subtracting the results of the 2014 levelling measurement from the 1993 one. In the next step, the calculated vertical movements in the two analysed periods have been used to produce maps of vertical movements using the above-mentioned interpolation methods. Next, the accuracies of particular interpolations have been analysed. Based on the results of accuracy analysis (Table 2 ) and the characteristics of particular interpolation method, the spline one has been selected as the most appropriate to map vertical movements of the terrain in the first and in the second of the analysed periods. The rms value for the spline generated map of vertical movements in first period is the lowest. The same is true for the second period. The rms values for the IDW and kriging methods are also low for the first period, however the IDW method does not estimate values below or above the minimum and the maximum values of the input data, which is important in analysing mining induced deformations and the selected area is also representative in terms of the extent of underground mine workings, topography, and land development (35.7 % of land taken by builtup area) areas for the entire region of old mining terrains. The location of benchmarks within the study area is presented in Figure 3 .
The number of points measured between 1972 and 1993 is 143, whereas between 1993 and 2014, 155 points have been measured. Summary of statistics from exploratory data analysis has been given in Table 1 .
METHODOLOGY
The data described in part 3.2 has been used to interpolate vertical movement of the ground surface using six interpolation methods available in the Geostatistical Analyst and Spatial Analyst extensions of the ESRI ArcGIS v10.2 software. To calculate vertical movements between the 1972-1993 and 1993-2014 periods, the following methods have been used: inverse distance weighted (IDW) (Shepard, 1968) , radial basis function (RBF) (Hardy, 1990) , local polynomial (LPI) (ESRI, 2015) , kriging (KRI) (Olea, 1999) , spline (SPL) (Franke, 1982) and natural neighbour (NN) (Sibson, 1981) . A related approach has been adopted by Kowalczyk et al. (2010) to map vertical movements on a nationwide scale for the area of Poland.
The IDW, RBF, LPI, SPL and NN methods belong to a group of deterministic interpolation methods using mathematical functions and values measured in sampled points, whereas kriging is a stochastic interpolation method taking into account stochastic (random) models to account for randomness in the data (Heywood, 2006) . The IDW, RBF, SPL and NN methods are exact i.e. at each input data location, the surface will have exactly the same value as the input data value, whereas LPI and KRI methods are approximate, i.e. at each input data location, the surface may not have the same value as the input data. The KRI method requires a model of spatial autocorrelation to generate predicted values, the IDW the central, north-western, northern and north-eastern parts of the former mining terrains and marked with warm colours (red, orange and yellow). The maximum value of positive vertical movement calculated from benchmark height differences is +0.189 m. The elevated regions are separated by two smaller regions of subsidence marked with cold colours (blue and green). Subsidence can also be observed in the southwestern and south-eastern parts of the former mining terrains. The maximum value of subsidence calculated from benchmark height differences between 1993 and 2014 is -0.048 m whereas the max. positive vertical movement is +0.189 m. These values give max. negative vertical movement of -0.002 m/year and max. positive vertical movement of +0.009 m/year respectively. The regions that experienced upward movement in the 1993-2014 period correspond to regions that experienced the greatest subsidence in the previous period (Fig. 4) . The subsidence observed in the northern and eastern parts of the study area occurs beyond the borders of former mining grounds and may also be attributed to factors other than mining for example regional geodynamics. This phenomenon could be a subject of a different study and further investigated on a larger scale and area. Figure 6 presents map of total vertical movements observed in the 42 year period against the background of built-up areas and has been obtained in the result of adding the two raster maps presented in Figure 4 and Figure 5 . The mining terrain area is characterised by differentiated vertical movements of mining terrain. In the regions of greatest subsidence observed on map (Fig. 4) the rebound of the terrain after the end of mining (the second period) has not compensated completely for the earlier subsidence and the total vertical movement in these parts (dark blue) amounts to max. -0.620 m. However, in the central and eastern parts, the magnitude of upward movement in the latter period has exceeded the magnitude of downward movement in the preceding period and the total vertical movement in these parts (light green) amounts to + 0.100 m. These results suggest that the vertical movements associated with reaction of the ground after the end of mining in the analysed part of mining terrains have not yet ceased and require constant and periodic observations also due to possible other, probably endogenous, factors.
surface generated in the result of kriging interpolation is less uniform then the other interpolation methods.
The map of vertical movements for the entire period Figure 5 shows map of vertical movements between 1993 and 2014. This 21 year period corresponds to the time after end of underground coal mining in Walbrzych. Unlike in the first analysed period, the second one is characterised by differentiated vertical movements of mining terrain. The analysed area experienced both subsidence and elevation. The regions that have risen are located in
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We must note that the presented results, due to the number of available measurement points, irregular configuration and distances between the levelling network points (Fig. 3) may have caused probable omission of very local variations in vertical movements of the terrain. In addition, the interval of measurements (21 years) may cause that dynamics of vertical movements and possible change of direction of these movements have been unnoticed. Nevertheless, these results constitute an approximate but real picture of vertical movements in the analysed area, and are especially important in a situation when other sources of information are unavailable.
CONCLUSIONS
The authors, aiming to study mining terrain deformations in the final stages of underground coal mining and in the two decades after its end have encountered the problem of obtaining quantitative data on vertical movements. The Walbrzych Coal Basin (study area) had been periodically measured by mine surveyors in local levelling lines and these measurements had stopped after the mines have been closed. In addition, results of these observations provide information on vertical movements on a very local scale, that is limited to particular buildings or groups of buildings on the surface. In the end, the available source of information for the study consisted of the results of three national precise levelling campaigns that covered most of the study area.
Taking into account the characteristics of the six interpolation methods used and the results of accuracy analysis, the results of the spline interpolation have been used to analyse interpret the vertical movements in the considered time span.
In the first analysed period ) that corresponds to the last two decades of mining, the results of interpolation of vertical movements registered in the measured benchmarks indicate subsidence on the entire study area. The calculated vertical movement of mining terrains -0.034 m/year is an averaged value for the 21 year period that might have been different if shorter periods of time could have been considered.
In the second analysed period ) that corresponds to the time after the end of mining, the results of interpolation of vertical movements registered in the measured benchmarks show both subsidence and elevation. The areas of greatest elevation in the second period correspond to the areas of greatest subsidence in the earlier period. The magnitude of vertical movements, -0.002 m/year (subsidence) and +0.009 m/year (elevation) is several times smaller than in the first period but shows present-day secondary movements on old mining terrains. The difference between max. registered subsidence and elevation values amounts to 0.237 m. The differentiated and more complicated character of vertical movements in the second period with both
